A b s t r a c t Amplitude-integrated electroencephalography (aEEG) is a simplified bedside neurophysiology tool that has become widely used in neonates in the last few years. Although aEEG cannot replace conventional EEG (cEEG) for background monitoring and detection of seizures, it remains a useful apparatus that complements conventional EEG, is being widely adopted by neonatologists, and should be supported by neonatal neurologists. Limited channel leads are applied to the patient and data are displayed in a semilogarithmic, time-compressed scale. In term neonates, aEEG has been used to determine the prognosis and treatment for those affected by hypoxic-ischemic encephalopathy, seizures, meningitis and even congenital heart disease. In preterm infants, normative values and pattern corresponding to gestational age are being established. The senzitivity and specificity of aEEG are enhanced by the display of a simultaneous raw EEG.
INTRODUCTION
Amplitude-integrated electroencephalography is a limited-channel electroencephalography that provides a noninvasive method for continuous observation of cerebral background activity at the bedside in real time (1) . Amplitude-integrated electroencephalography is increasingly being used in the neonatal intensive care unit (NICU). Different clinical and research applications for the neonatal population make up a growing body of knowledge (2) .
Immediate and continuous monitoring of the brain function of sick newborns provides important information to guide neurologic treatment during intensive and acute neonatal care. Electroencephalography has been a mainstay for diagnostic assessment of seizures and neurologic disorders of term and older infants for many decades. Preterm neonates' brain immaturity can be demonstrated by the lower EEG complexity compared with fullterm neonates (3) . Although EEG patterns of very preterm newborns with normal neurologic outcomes have been described, data are still limited because of the intricacy and difficulty of EEG application on this vulnerable population. Amplitude-integrated EEG (aEEG), a limited-channel EEG, has recently gained wider use in the NICU (2) . The amplitude integrated EEG (aEEG) is reputed to be one of the best predictors of neurological outcome following hypoxic ischaemic encephalopathy in term newborns and was used to select infants into trials of neuroprotection with hypothermia (34) . Persistence of specific background patterns as burst suppression, flat trace and continuous low voltage patterns during the first 6 hours after birth has a negative prognostic value (35) .
The method is based on filtered, rectified and compressed EEG that enables evaluation of long-term changes and trends in electrocortical background activity of brain by relatively simple pattern recognition. The cerebral function monitor (CFM) was created by Prior and Maynard in the 1960s for use in adult intensive care (4). Prior and Maynard aimed for a brain monitoring system that had the following features: simplicity, reasonable cost, reliability, direct information on neuronal function, noninvasiveness and wide applicability, quantification and output, automatic operation, and flexibility. The method was applied to neonates in the late 1970s and early 1980s. The finding that the aEEG is suitable for very early prediction of outcome after perinatal asphyxia has resulted in more widespread use of the method, not least since abnormal aEEG readings were an inclusion criterion in one of the recently published hypothermia studies (1) .
Amplitude-integrated EEG, in contrast to cEEG, is a simplified method of continuous brain function monitoring that imagines trended brain activity. Amplitude-integrated EEG consists of a single-or double-channel EEG that is recorded by three to five electrodes attached to the scalp. It continuously captures the general background pattern of the brain activity in real time for an extended period. Recordings can last for 24 hours or greater as needed. The electrode application and aEEG interpretation entail relatively short training and experience to master. In general, the electrodes require less than 10 minutes to apply. The biparietal recording electrodes P3 and P4 have traditionally been recommended position for single-channel aEEG. The electrodes positions are described according to the 10-20 international system (5) . Biparietal is the optimal location. This is the watershed area between the posterior and middle cerebral arteries. This area is least likely to be affected by scalp muscle acitity and eye-movement artifacts. Pulse artefact may be difficult to distinguish from seizure on the aEEG. The pulse artefact is regular with the pulse. Place the electrode away from the fontanelle may help. Background voltage may elevated: ECG artifact, handling, muscle activity, high-frequency ventilation, status epilepticus, gasp artifact and movement artefacts associated with head bobbing due to breathing. Possible causes for depression of the background voltage are severe scalp edema and sedation (33) . Sedative, opioid analgesics and antiepileptic medications may all depress the electrocortical activity and involve it more discontinuous than it was. Evaluation of the aEEG background activity may become uncertain for 1-2 h following administration of drugs. Moderate doses of sedatives and analgesics usually do not result in severe or long-lasting depression of the aEEG background, unless the baby is very immature or very ill with already compromised brain function (9) . The electrodes come in varied styles including self-adhesive hydrogel patches, fine intradermal needles, or more classical silver or gold EEG cups applied with paste. Hydrogel electrodes are recommended for minimal skin disruption and discomfort to preterm and term newborns (4), but they require aggressive preparation for cleaning to assure adequate adherence. These electrodes should be replaced every 24 hours. Lowimpedance needle electrodes insert subdermally in parietal position. These electrodes can be left in place for days, if needed (6) .Exclusion of electrical and motion artifacts is very important in order to avoid any misunderstanding records. aEEG classification Much similar to cEEG, the basic interpretation of aEEG si primarily based on pattern recognition of background activity (7). Al Naqeeb et al. used simple voltage criteria to characterize the aEEGs of normal and encephalopathic term infants. The background pattern was classified as normal (upper band >10 mV and lower band >5 mV), moderately abnormal (upper band >10 mV and lower band <5 mV) or suppressed (upper band <10 mV and lower band <5 mV) (22) . Interobserver agreement was excellent for voltage amplitude and the use of this scheme accurately predicted neurodevelopmental outcome at 18 to 24 months. On the other hand, Hellstrom-Westas et al. used pattern recognition as well as voltage criteria to describe aEEG patterns in term and preterm infants. This method uses cEEG terminology (for example, burst suppression, isoelectric tracing, trace alternant). The background pattern is continuous, discontinuous, burst suppression, continuous low voltage or flat/ isoelectric, and specific voltage criteria are used as well (8) . The purpose of such modified proposal was to introduce a system applicable to newborns of all ages and diagnoses (7).
Classification of aEEG background patterns (9) • Continuous low voltage (CLV): continuous activity of very low amplitude (around or below 5 μV) • Burst suppression (BS): discontinuous acitvity with minimum amplitude without variability at 0-1 (2) μV, and bursts with amplitude 25 μV. (Fig.3 ) -BS+ denotes a BS background with dense burst ≥100 bursts/h -BS-defines a BS background with sparse bursts, 100 bursts/h • Inactive, flat trace (FT): Mainly inactive backround (electrocerebral inactivity) below 5 μV (Fig.4) Sleep-wake cycling (SWC) was recognized as periodic changes in bandwidth of the aEEG tracing. During wakefulness (W)/active sleep (AS) the bandwidth of the tracing was narrower, whereas during quiet sleep (QS) the bandwidth was broader. Diagnosis of SWC was made when at least 3 consecutive cycles were seen on aEEG tracing during a period of 5 hours (11) .
SWC in the aEEG is characterized by smooth cyclic variations, mainly of the minimum amplitude (i.e. lower border). Periods with broader bandwidth represent more discontinuous activity during quiet sleep (tracé alternant in full term infants), and the narrower parts of the trace correspond to more continuous background during wakefulness or active sleep.
Classification of sleep-wake cycling (9):
• No SWC: no sinusoidal variations of the aEEG background.
• Imminent/immature SWC: some, but not fully developed, cyclic variation of the lower border amplitude, but not developed as compared to normative maturational agematched data. Sleep-wake cycling comprises cyclic alterations in behavioral states that can be evaluated base on observations of eye movements, respiration, muscle tone, and movements. Although the exact correlation with sleep stages later in life are not fully delineated, these state changes are also associated with changes in the EEG patterns that are usually clearly discernible in the aEEG trace (9) . Cyclic variations in the aEEG background, presumably reflecting cyclic alterations between periods of QS and periods of AS/W can be seen in well infants from around 24-26 weeks gestational age (GA). From around 30-31 gestational weeks QS periods are readily distinguished in the aEEG trace as periods of 20-30 minutes duration with increased bandwith, at full term these periods represent the tracé alternant EEG pattern (13) . aEEG in the preterm neonate During the last few decades, advances in neonatal intensive care have resulted in a decrease in neonatal mortality and a dramatic increase in the survival rate of extremely low birthweight infants. However, severe neurological sequelae are common because of the vulnerability of the immature central nervous system. Although various techniques such as cranial ultrasonography are used for neurological evaluation, electroencephalography (EEG) is one of the most useful tools for predicting neurological outcome in preterm and term infants (14) .
The EEG can be recorded in newborns at all maturational levels, also in the extremly preterm infants. The understanding and correct interpretation of the neonatal EEG is based on knowledge of normal developement of the EEG from early preterm stages to the postterm period, and associated maturational time cues. This also includes variations in EEG patterns related to different stages of the sleep-wake cycle (AS, QS, W). When discussing maturational features of the newborn EEG, several terms have been used to define the maturity of the infant: newborn infants are born at a certain gestational age (GA), their postnatal age (PNA) increases after birth, as does their postmenstrual age (PMA) or postconceptional/conceptional age (PCA/CA). The PMA and PCA/CA are summaries of the gestational age plus the postnatal age in weeks. PCA and CA are terms that are commonly used in the EEG literature (9, 12) .
Born at a critical period of brain development, preterm infants are at high risk for mortality and morbidity, especially neurodevelopmental impairment. Brain maturation is affected by biologic and environmental factors (15) , as well as the quality and timing of experience (16) . Medical treatments and the neonatal intensive care unit (NICU) environment during the intensive care period serve to disrupt normal brain development processes by the inappropriate experiences the infant encounters (17) . Enhancing the skills and tools of neonatal health care providers with regard to neurophysiologic monitoring will optimize the care delivered during the critical period and may contribute to improvements in long-term outcomes (2) .
A model for explaining the EEG ontogeny has recently been proposed, including a superimposition of two developmental trajectories. The first component is the repetitive occurence of the high-amplitude bursts of activity superimposed on low-frequency waves of high amplitude (SATs). This spontaneous and intermittent activity has in animal models been recognized as a specific phenomenon that occurs during brain development and is suggested to be instrumental for wiring neuronal networks (18) . SATs are generated already at a CA of 24 weeks. They become roughly coincident between hemispheres at around 30 weeks gestation but attain a more consistent temporal synchrony only later, from about 35 weeks GA. The amplitude of SATs gradually decreases with maturation, and they are not normally present at term. The duration of SATs increases with maturation. The second component is a gradual development of continuous oscillatory EEG activity that is dependent on the development of functional thalamocortical and intracortical connections during the third trimester until about 40-50 weeks of CA. This component is virtually absent in the very premature infant (9) .
Interpretation of neonatal EEG demands knowledge of normal EEG development from early preterm to post term age. In general, neonatal EEG activity has been discussed in terms of the development from a discontinuous to a continuous EEG (19) . The normal EEG background of extremely preterms, called tracé discontinu (TD) (20) , shows a basically dichotomous pattern. Periods of low voltage activity, called interburst intervals (IBI), alternate with high voltage 'bursts' of activity with mixed frequency content. Several normal transients, e.g. frontal sharp transients and temporal theta (-bursts) have been identified in the preterm EEG and can be useful for maturational assessment of the EEG. In the bursts of normal preterm EEG, fast activity is superimposed on slow waves of high amplitude (21).
Olischar et al. (22) determined reference values of aEEG tracings in such infants, and characterized their background patterns as continuous, discontinuous high voltage and discontinuous low voltage. By monitoring this population over the first two weeks of life, this study showed that the amount of continuous activity increased with higher GA, whereas the amount of discontinuous activity decreased with higher GA. This effect is only one example of extrauterine influences on postnatal maturity. Prospective studies of very preterm infants monitored over several weeks showed that the aEEG pattern matured not only with higher GA, but with postmenstrual age (PMA) as well (23) . In fact, at comparable post-conceptional ages, infants with higher PMA have more mature patterns than those with lower PMA, despite a lower GA (24) .
At less than 27 weeks gestational age, the characteristics of background EEG activities were found to be as follows (25) :
• the mean and maximum IBI duration decreased with increasing PCA • the percentage of continuous patterns increased with increasing PCA • the percentage of discontinuous patterns increased with increasing PCA • the mean burst duration during discontinuous patterns increased as PCA increased
Neonatal Seizures Identification on aEEG Early detection of epileptic seizures in high-risk infants and evaluation of antiepileptic treatment in infants with diagnosed seizures are two important indications for continuous EEG monitoring in newborn infants (9) . The incidence of seizures is higher in the neonatal period (ie, the first 4 weeks after birth) than at any other time of life (26) . More recent data indicate that around 1-2 infants per 1000 live born are diagnosed with seisures, with a 5-to 10-fold increased risk in preterm infants (9) . The clinical diagnosis of seizures in neonates can be challenging, owing to the immaturity of the neonatal CNS. Rather than exhibiting classic tonic-clonic manifestations, seizure activity in neonates is often subtle and difficult to distinguish from normal newborn behavior, with preterm infants being even more likely to demonstrate subtle clinical manifestations of seizures (27) . Epileptic syndromes are rare in the neonatal period and most seizures are reactive. The most common etiologies of neonatal seizure include hypoxic-ischemic or hemorrhagic brain injury, metabolic diseases and hypoglycemia, sepsis, meningitis, congenital malformations and maternal drug abuse (28 (9) . A seizure pattern in the aEEG is characterized by repetitive, stereotyped waveforms (spikes, sharp waves, spike-slow-wave complexes, rhythmic theta or delta activity without sharp components) with a definite onset, peak, and end (crescendo-decrescendo appearance). There are no specific criteria as regards minimum duration of seizures, although 10 s has been criterion in many studies. Briefer runs of repetitive waveforms, often called epileptiform activity, are not uncommon in ill newborns. It is possible that shorter periods of repetitive activity, 5-10 s, should also be assessed as seizures since this type of activity has been associated with adverse neurologic sequalae (9) . Seizures may only be identifified if they are sufficiently prolonged, more than 2-3 minutes. Shorter lasting discharges may be missed since the aEEG is recorded in a very slow speed. It is important to inspect the underlying EEG for to confirm the presence of seizures and distinguish artifacts from real signal (31) .
The use of amplitude-integrated electroencephalography (aEEG) to assess brain function and detect seizures has been increasing worldwide. Results from previous studies have demonstrated that seizure patterns can be recognized as transient rises on aEEG traces. The ictal EEG showed initial low-amplitude fast rhythmic activity followed by epileptic recruiting rhythms and high-voltage slow waves. Therefore, downward patterns on aEEG traces should be recognized as suspected seizure patterns (32) . aEEG is very useful for detecting subclinical ongoing seizures in children with IVH. The association of highgrade IVH with seizure burden on the third day after birth is likely related to further extension of hemorrhages from the first two days after birth, rather than isolated high-grade hemorrhages suddenly emerging (36) . and nurses to provide targeted neurodevelopmental care in the NICU. It is possible that EEG trends will be combined with other methods such as near-infrared spectroscopy for improved evaluation of brain function in the future. It is necessary to know to recognize basic types of aEEG patterns and then we can evaluate pathological background patterns. Its routine use is necessary in order to understand the developmental changes, get skill in the assessment and provide sufficient information about all the possibilities of its use in the clinical practice. aEEG is recommended for early detection of abnormal brain activity that may inform the need for performing more definitive cEEG and other neurologic examinations. Together, aEEG and cEEG become complimentary tools for the neonatal and neurology providers. Future research is needed to investigate developmental changes in amplitude-integrated EEG in the term and preterm newborns and the effects of different types of caregiving and interventions.
